Evolutionarily, adaptation to hyperosmotic stress through accumulation of osmotically active organic solutes (organic osmolytes) is a highly conserved mechanism. Hyperosmotic accumulation of organic osmolytes is transcriptionally regulated: e.g., betaine in bacteria (e.g., Escherichia coli), glycerol in yeast (e.g., Saccharomyces cerevisiae), betaine in plants (e.g., Spinacea oleracea L.) and sorbitol, betaine, and inositol in cells of the mammalian renal medulla. Renal medullary cells, among mammalian cells, are uniquely exposed to hyperosmotic stress; in these cells, hyperosmotic stress results in accumulation of sorbitol as one of the predominant osmolytes. Sorbitol accumulates due to a rise in the synthesis rate of aldose reductase (AR), which catalyzes the conversion of glucose to sorbitol. Hyperosmotic stress increases transcription of the AR gene which leads to a rise in AR mRNA levels. In cloning and characterizing the rabbit AR gene, the first evidence of a eukaryotic osmotic response element (ORE) was found. Since then, several mammalian OREs (also called TonE) have been discovered. Sequence containing an ORE was identified for the canine Na ؉ -and Cl Ϫ -coupled betaine transporter gene as well as the Na ؉ /myo-inositol cotransporter gene. Because it is possible to find homology between the OREs of the AR genes and those of the betaine and inositol genes, a consensus for the mammalian ORE was derived by functional assessment. Most recent studies have resulted in the discovery of other cis-elements that potentiate the ORE response and a trans-activating factor that binds to the ORE.
ADAPTIVE ACCUMULATION OF
ORGANIC OSMOLYTES Many organisms have a remarkable range of osmotic tolerance. The halobacteria have a salt requirement and a survival range between 2.8 and 6.2 M (saturated) NaCl (Brown, 1976) . Dunaliella salina, a green alga, can also tolerate saturated NaCl and media as low as 0.3 M NaCl (Brown, 1976) . Marine invertebrates are variable in their abilities with some mangrove and estuarine species such as Elysia chlorotica surviving between 24 and 2,422 mosmol (Dragolovich and Pierce, 1994) . While mammalian extracellular fluid is strictly regulated at about one third the salt concentration of seawater (full-strength seawater ഠ 1,000 mosmol), cells in the kidney 1 From the Symposium Osmoregulation: An Integrated Approach presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 4-8 January 2000, at Atlanta, Georgia.
2 E-mail: jdf@helix.nih.gov of virtually any mammal are routinely exposed to two-to three-fold the salinity of seawater.
A principle common to most bacteria and all eukaryotes is the adaptive accumulation of small organic compounds termed organic osmolytes in response to hyperosmotic stress. With the exception of the halobacteria which accumulate Na ϩ and K ϩ , virtually all other organisms, including other bacteria, have the same adaptive response to a high salt environment. Organic osmolytes are accumulated almost universally because they, unlike equivalent concentrations of inorganic ions, do not perturb macromolecular function (Yancey et al., 1982; Yancey, 2001 ). While it is true that many cell types rapidly generate high concentrations of inorganic ions in response to hyperosmotic stress, this is essentially a shortterm adaptation. In the long-term, the accumulated inorganic ions are replaced with organic osmolytes.
Organic osmolytes fall within relatively few categories of compounds such as amino acids and their derivatives, polyols and trimethylamines (Yancey et al., 1982; Yancey, 2001) . Bacteria accumulate betaine (Lucht and Bremer, 1994) , yeast and algae accumulate glycerol (Brown, 1976; Albertyn et al., 1994; Levin and Errede, 1995) , plants accumulate betaine (Rhodes and Hanson, 1993) , marine invertebrates and fishes accumulate mostly amino acids and trimethylamines (Yancey, 1982; Yancey, 2001) , and mammalian kidney cells accumulate sorbitol, betaine, inositol, and taurine (García-Pérez and Burg, 1991) . The mechanism by which osmolytes are accumulated, during hyperosmotic stress, differs among taxonomic groups. In bacteria, betaine is transported via a system encoded by the proU operon (Lucht and Bremer, 1994; Bremer, 2001) ; yeast generate glycerol metabolically through glycerol-3-phosphate dehydrogenase (GPD1) (Albertyn et al., 1994) . Plants synthesize betaine through the enzyme betaine aldehyde dehydrogenase (BADH) (Rhodes and Hanson, 1993) whereas sorbitol, in mammals, is generated metabolically from glucose through the enzyme aldose reductase (AR) . Other osmolytes accumulate in mammalian renal cells through Na ϩ and Na ϩ plus Cl Ϫ -coupled transporters for betaine, inositol, and taurine (Burg et al., 1997) . Regardless of the mechanism of accumulation, the critical regulatory step for each of these osmolytes is at the level of transcription of the respective gene (Rhodes and Hanson, 1993; Lucht and Bremer, 1994; Albertyn et al., 1994; Burg et al., 1997) .
That the accumulation of organic osmolytes is an almost ubiquitous adaptive mechanism, that the compounds accumulated by highly diverse organisms fall into a relatively small number of classes of compounds, and that their accumulation is regulated at the transcriptional level suggest there is some highly conserved mechanism that all of these organisms have in common. Alternatively, the similarity in adaptive response is a matter of convergence. The hypothesis that there is a conserved mechanism led to the discovery of the mammalian osmotic response element (ORE) (Ferraris et al., 1994 (Ferraris et al., , 1996 .
In the following, the adaptive accumulation of sorbitol in mammalian renal cells during hyperosmotic stress will be used as an example of the extent of current knowledge on the mammalian ORE.
AN OSMOTICALLY RESPONSIVE GENE, ALDOSE REDUCTASE (AR) In response to an increase in extracellular osmolality, sorbitol accumulates in renal cells as a result of an increase in the activity of aldose reductase (Bagnasco et al., , 1988 Uchida et al., 1989) , the enzyme responsible for the conversion of glucose to sorbitol. Increased AR activity results from an increase in the amount of AR protein which, in turn, results from an increase in the rate of AR protein synthesis (Moriyama et al., 1989) . The rate of AR protein synthesis increases 15-fold within 24-hr of onset of hyperosmotic stress. The degradation rate of AR is not affected by osmolality and is quite slow, with the enzyme having a half-life of about 6 days (Bedford et al., 1987; Moriyama et al., 1989) .
The increase in the amount of AR protein translated is due to hyperosmotic induction of AR mRNA abundance ) which, in turn, is a function of increased transcription of the AR gene (Smardo et al., 1992) . Stability of the AR mRNA is not affected by medium osmolality and hence is not responsible for the noted increase in mRNA (Smardo et al., 1992) .
To determine the mechanism whereby hyperosmolality regulates transcription of the AR gene, it was necessary to clone the gene and characterize its regulatory regions. The genomic structure of human, mouse, rat, and rabbit AR is now known; regardless of species, the gene is organized into 10 exons and 9 introns and intron splice site positions are constant (Graham et al., 1991a, b; Pailhoux et al., 1992; Ferraris et al., 1994) . The promoter, situated upstream (Ϫ208/ϩ27) of the transcription start site (nucleotide ϭ ϩ1) has a TATA box and a CAAT box and is not responsive to osmolality (Wang et al., 1993; Ferraris et al., 1994) . However, upstream of the promoter, the nucleotides Ϫ3,429/Ϫ209 of the rabbit FIG. 1. Effect of hyperosmolality on reporter gene expression in transient transfections. PAP-HT25 cells, derived from the renal medulla, were transiently transfected and maintained in isoosmotic medium (Iso) (300 mosm/kg H 2 O) or exposed to hyperosmotic medium (Hyper) (500 mosm/kg H 2 O) for 18-24 hr. PCR-generated fragments from the rabbit aldose reductase (AR) gene were inserted upstream of the AR promoter which is, in turn, upstream of the Photinus luciferase (PLuc) gene. Positions of nucleotides that define the AR gene fragments are numbered with the transcription start site as ϩ1. Negative numbers indicate nucleotides upstream of ϩ1; positive numbers indicate nucleotides downstream. The sizes (bp) of the fragments are shown in italics. Cells were co-transfected with a given luciferase construct and B19CAT. B19CAT contains the B19 promoter upstream of the chloramphenicol acetyltransferase (CAT) gene. Luciferase activity in relative light units/g of cell protein was normalized by CAT protein in picograms/g cell protein (Luc/CAT). Hyper/Iso is the ratio of PLuc/CAT in hyperosmotic medium divided by PLuc/CAT in isoosmotic medium and normalized to the same ratio of the AR promoter (Ϫ208/ϩ27) alone (mean Ϯ standard error). Data from Ferraris et al., 1996. aldose reductase gene contain one or more osmotic response elements (OREs) (Fig. 1 ). This was determined by the ability of nt Ϫ3,429/ϩ27 to drive the transcription of a downstream luciferase gene in transient transfections (Ferraris et al., 1994 (Ferraris et al., , 1996 . Relative to the promoter alone (Ϫ208/ϩ27), the gene fragment Ϫ3,429/ϩ27 has a hyperosmotic over isoosmotic response ratio of 9.4. By testing dozens of overlapping and progressively smaller, PCR-generated constructs (only a summary is shown in Fig. 1 ) the element can be narrowed down to its essential nucleotides. Unlike nested deletions, the design of this approach allows examination of all fragments of the sequence Ϫ3,429/ϩ27, not just those that remain after deletion. From Figure 1 , two observations are evident: (1) Ϫ1,170/Ϫ894 contains an independently active ORE, i.e., FIG. 2. Definition of the aldose reductase minimal essential osmotic response element (ORE). PAP-HT25 cells were transiently transfected and maintained in isoosmotic medium (Iso) (300 mosmol/kg H 2 O) or exposed to hyperosmotic medium (Hyper) (500 mosmol/kg H 2 O) for 18-24 hr Double-stranded oligonucleotides from the rabbit aldose reductase (AR) gene were inserted upstream of the AR promoter which is, in turn, upstream of the Photinus luciferase (PLuc) gene. Positions of nucleotides that define the AR gene fragments are numbered with the transcription start site as ϩ1. Negative numbers indicate nucleotides upstream of ϩ1; positive numbers indicate nucleotides downstream. Cells were co-transfected with a given luciferase construct and B19CAT. B19CAT contains the B19 promoter upstream of the chloramphenicol acetyltransferase (CAT) gene. Luciferase activity in relative light units/g of cell protein was divided by CAT protein in picograms/g cell protein (PLuc/ CAT). Hyper/Iso is the ratio of PLuc/CAT in hyperosmotic medium divided by PLuc/CAT in isoosmotic medium and normalized to the same ratio of the AR promoter (Ϫ208/ϩ27) alone (mean Ϯ standard error). Data from Ferraris et al., 1996. sequence contained within this fragment is not dependent on surrounding sequence to respond to osmolality and (2) potentiating elements might exist since the activity level of Ϫ1,170/ϩ27 is lower than that of Ϫ3,429/ϩ27. The latter observation parallels that seen in other cis-element studies (Takenaka et al., 1994) . The fact that fragments such as Ϫ2,705/Ϫ1,152 do not show osmotic activity may merely indicate that the elements are potentiating rather than independently active.
IDENTIFICATION OF THE MINIMAL ESSENTIAL
ORE AND DEFINITION OF ITS FUNCTIONAL CONSENSUS Continued testing of overlapping constructs results in definition of the smallest sequence capable of conferring osmotic response on a downstream gene (Ferraris et al., 1996) . When the responsive element is narrowed down to 17 bp (Ϫ1,108/Ϫ1,092), nucleotides can be eliminated in a base by base fashion (Fig. 2) . At the 5Ј end, response is lost response when base Ϫ1,105 is removed. At the 3Ј end, elimination of bases does not reduce activity until removal of base Ϫ1,094 which results in equivocal response (Ferraris et al., 1996) . However, if Ϫ1,094 is changed from a cytidine to an adenosine, a change that converts from a one ring structure to a two ring structure and, in terms of basepairing, from a triple bond to a double bond, full response is seen (Fig. 2) . The conclusion is that eliminating position Ϫ1,094 affects osmotic response but the nucleotide does not have to be a pyrimidine. The minimal essential ORE of the rabbit AR gene has the sequence CGGAAAATCAC(C) and is defined by nucleotides Ϫ1,105/Ϫ1,094 (Ferraris et al., 1996) .
Definition of the mammalian functional consensus is an ongoing process. If there FIG. 3 . Electrophoretic mobility shift assays (EMSAs) of AR ORE in presence of a specific competitor and competitors containing single-base substitutions. A radiolabeled 17 bp oligonucleotide (Ϫ1,108/Ϫ1,092) containing the native ORE (Ϫ1,105/Ϫ1,094) of the rabbit AR gene was used. The oligonucleotide was incubated with 6 g of nuclear protein extract from PAP-HT25 cells maintained in isoosmotic medium (Iso, lane 2; 300 mosmol/kg H 2 O) or exposed for 18 to 24 hr to medium made hyperosmotic with NaCl (Hyper, lanes 3-11; 500 mosmol/kg H 2 O). Incubations were performed in the presence (lanes 4 and 5) or absence (lanes 1-3) of 10-or 50-fold (10ϫ or 50ϫ, respectively) molar excess of unlabeled specific competitor oligonucleotide (Ϫ1,108/ Ϫ1,092) or of unlabeled oligonucleotides (Ϫ1,108/Ϫ1,092 or Ϫ1,105/Ϫ1,094) containing single-base substitutions. The two shifted bands (arrows) suggest specific binding of putative transcription factors. From Ferraris et al., 1999 with permission. are insufficient sequences known for independently active OREs then experimental methods need to be devised to define a functional consensus. One approach is to systematically change each base to every other possible nucleotide and test them for function in transient transfections. This was done with the rabbit ORE sequence (Ferraris et al., 1999) . The criterion for activity is based on whether a given construct significantly differs from the negative control which, in this case, is the promoter alone (response ϭ 1.0). Constructs ranged in osmotic response from 0.8 Ϯ 0.03 to 2.7 Ϯ 0.27 with the positive control (native rabbit ORE) having a response of 2.2 Ϯ 0.08. However, an additional independent assay is used on the constructs; this is the ability of a given construct to compete with the native ORE in an electophoretic mobility shift assay (EMSA). An example of this assay is shown in Figure 3 . In lane 1 is the probe alone (off gel), in lane 2 is the 17 bp probe containing the native ORE plus nuclear extract from isoosmotically treated cells. In all of the rest of the lanes the nuclear extract is from hyperosmotically treated cells. Lane 3 contains no competitor and the appearance of two slowly migrating bands believed to represent binding to cognate transcription factors. Lanes 4 and 5 contain the cold native ORE as specific competitor at a 10-and 50-fold molar excess and the disappearance of the two bands. Lanes 6 and 7 and 10 and 11 contain constructs that have single base changes but effectively compete with the ORE containing probe i.e., the shifted bands disappear as in lanes 4 and 5. Lanes 8 and 9 contain a construct that has a single base change but does not compete with the ORE containing probe.
A summary of results of all possible single base substitutions at each nucleotide comprising the ORE is shown in Figure 4 . Constructs that generate an osmotic response of 1.4 or greater also have effective binding activity in EMSAs whereas those with values of 1.3 or less do not. Values of 1.3 or less also are not different from the promoter alone in statistical analysis of transfection data (Ferraris et al., 1999) . From these data we generated the functional consensus shown as Consensus ORE (Fig. 4) 
. That sequence is (A/C/G/T) GGAAA(A/T) (A/G/T)(A/C/T)(A/C)C(A/ C/G/T) or in single letter usage NGGAAA-WDHMC(N).
Independently active OREs or TonEs have been identified in the human and mouse AR genes, the Na ϩ plus Cl Ϫ coupled betaine transporter gene (BGT1), the Na ϩ coupled inositol transporter gene (SMIT), and upstream of an unknown human gene (designated ORE-X) (Takenaka et al., 1994; Ruepp et al., 1996; Daoudal et al., 1997; Ko et al., 1997; Zhou and Cammarata, 1997; Rim et al., 1998) . These can be used to generate a Putative Consensus (A/C/ T)GGAAA(A/G)(C/G/T)(C/T)(A/C)C(A/C/ T) or, in single letter terminology, HGGAAARBYMCH based on maximum homology as shown in Figure 4 (duplicate sequences from different genes are not shown). All are in agreement with the functional consensus for an independently active ORE (Ferraris et al., 1999) except three found in the SMIT gene. Two of these have a G at position Ϫ1,099 and one has a C at position Ϫ1,098 in the rabbit ORE. Since these sequences have been shown to be independently active as opposed to potentiating (Rim et al., 1998) , the functional consensus should be modified to include these observations. The current consensus ORE thus is (A/C/G/T)GGAAA(A/G/T) (A/C/G/ T)(A/C/T)(A/C)C(A/C/G/T) or in single letter notation NGGAAADNHMCN (Fig.  4) . The fact that a G at position Ϫ1,099 or a C at position Ϫ1,098 in the rabbit ORE eliminates osmotic activity (Ferraris et al., 1999) has to be reconciled by recognition that activity of an ORE is likely to be a function of all of its nucleotides to one degree or another. The SMIT OREs are not identical to the rabbit OREs with only the exception of the two bases noted; each has between 3 and 5 other nucleotide differences. In the context of the SMIT OREs, a G at position Ϫ1,099 or a C at Ϫ1,098 is independently active.
As noted previously for the functionally derived consensus (Ferraris et al., 1999) , the current functional consensus allows more latitude per position than the predicted putative consensus derived merely by maximizing the homology of presently known independently active OREs (Fig. 4) . Figure 1 that construct Ϫ1,170/Ϫ894, while positive, does not have the osmotic activity of the largest 5Ј flanking sequence tested Ϫ3,429/Ϫ209. In searching the 5Ј flanking region of the AR gene for sequence containing GGAAAA, three Potentiating Elements (PE1-3) in addition to the ORE are found; one (PE1) is in the forward direction, two (PE2 and 3) are in reverse (Ko et al., 1997; Ferraris, unpublished observations) . These were targets of selective mutation (site-directed mutation of 3 essential nucleotides) either in the native gene context (Ferraris, unpublished observations) or in restriction digest fusions where native gene context and relation to promoter were not maintained (Ko et al., 1997) . There is also an AP1 site just downstream of the ORE and this was also examined for contribution to osmotic response using standard transient transfections.
IDENTIFICATION OF OSMOTICALLY RESPONSIVE POTENTIATING ELEMENTS It is evident from
Mutation of PE1 or PE2 alone reduces osmotic response significantly; mutation of the ORE alone eliminates osmotic response. This suggests that PE1 and PE2 do not independently confer osmotic response. Some of these data were suggested in Figure 1 since construct Ϫ2,705/Ϫ1,152 shows no osmotic response yet it is now known that FIG. 4 . An example of single-base substitutions in rabbit aldose reductase (AR) gene minimal essential osmotic response element (ORE), their hyperosmotic to isoosmotic activity ratios (Hyper/Iso) and binding results. Transfected PAP-HT25 cells were maintained in isoosmotic medium (300 mosmol/kg H 2 O) or exposed to medium made hyperosmotic (500 mosmol/kg H 2 O) with NaCl for 18 to 24 hr. Oligonucleotides corresponding to bases Ϫ1,105 to Ϫ1,094 of rabbit AR gene were inserted upstream of the AR promoter which, in turn, is upstream of the Photinus luciferase (Pluc) gene. Oligonucleotides either were as in the native gene or contained singlebase substitutions. Position of nucleotides that define AR gene DNA fragments are numbered, with the transcription start site at ϩ1. Negative numbers designate positions of nucleotides upstream of ϩ1. Cells were cotransfected with a given luciferase construct and pRLB19. PRLB19 contains the B19 promoter upstream of the Renilla luciferase (Rluc) gene. Hyper/Iso is the ratio of Pluc/RLuc (in relative light units, RLU/g cell protein) in hyperosmotic medium divided by the corresponding ratio in isoosmotic medium (mean Ϯ standard error) and is expressed relative to that for the vector containing the AR promoter alone. Binding activity is expressed as either ϩ or Ϫ depending on ability (ϩ) or inability (Ϫ) of a construct containing a single-base substitution to compete effectively with the 17 bp sequence (Ϫ1,108/Ϫ1,092) containing the native ORE (Ϫ1,105/Ϫ1,094) used as a probe. See text and Figure 3 for explanation of electrophoretic mobility shift assay conditions. Data from Ferraris et al., 1999 . Putative consensus ORE was derived from human, mouse and rabbit AR OREs (Ko et al., 1997; Daoudal et al., 1997; Ferraris et al., 1996) , ORE-X from an unknown human gene (Ruepp et al., 1996; Ko et al., 1997) and TonEs (synonymous with ORE) from the canine BGT1 (Takenaka et al., 1994; Miyakawa et al., 1999) and bovine and human SMIT genes (Zhou and Cammarata, 1997; Rim et al., 1998). this sequence contains PE1. Mutation of the AP1 site also reduces osmotic response significantly while mutation of PE3 has no significant effect. These results (Ferraris, unpublished observations) differ somewhat from those presented by Ko et al., 1997 who found an insignificant effect of elimination of the AP1 site (versus mutation) but more importantly did not find the ORE to be independently active. Since the independent osmotic activity of the ORE has been shown many times, these discrepancies are probably due to the nature of the restriction digest fusion constructs used in the Ko et al., 1997 study. The data are consistent with the ORE as the only independently active osmotic response element in the Ϫ3,429/ Ϫ209 flanking region of the rabbit AR gene. They also indicate PE1 and PE2 and the AP1 site are potentiating but are not independently active (Ferraris, unpublished observations) .
The AR gene is not the only osmotically responsive gene that is controlled by multiple OREs or potentiating elements. BGT1 is controlled by two independently, but not equally, active TonEs while the SMIT gene has five (Miyakawa et al., 1999; Rim et al., 1998) .
WHAT IS THE MECHANISM BY WHICH AN ORE ENHANCES TRANSCRIPTION OF A GENE? Based on the type of evidence shown in Figure 3 where there is demonstrated binding of a protein that is present in the nucleus of cells exposed to high salt compared with nuclear extracts from cells in low salt, a number of laboratories set about trying to clone this putative transcription factor. Recently, three groups have been successful in cloning the binding protein (BP) known both as OREBP and TonEBP (Miyakawa et al., 1999; López-Rodríguez et al., 1999; Ko et al., 2000) . Evidence for it being the correct protein includes: (1) overexpression of a dominant negative form of the protein (comprised of amino terminal amino acids containing the DNA binding region) in transient transfections inhibits hyperosmotic induction of transcription in ORE/TonE containing reporter constructs, (2) stable transfection of a dominant negative form of the protein reduces hyperosmotic induction of aldose reductase mRNA, and (3) electrophoretic mobility shift characteristics of the recombinant proteins match those of nuclear proteins from hyperosmotically induced cells (Miyakawa et al., 1999; Ko et al., 2000) .
Data on the behavior of the protein is somewhat contradictory. There is evidence that the protein is induced under hyperosmotic conditions and that the protein is both cytoplasmic and nuclear under isoosmotic conditions but is translocated to the nucleus under hyperosmotic conditions (Miyakawa et al., 1999; Ko et al., 2000) . López-Rodríguez et al., 1999, however, contend that it is a constitutively expressed nuclear phosphoprotein.
